Abstract
Reliability of an electrical drive has been always a most important concern in many industrial and critical applications. In these applications, an appropriate control strategy must be capable of managing the drive system during the fault conditions. In spite of good performance of conventional vector control methods for single-phase IM drives, its capability in controlling faulty single-phase IMs is unsatisfactory. To overcome this problem, a novel vector control method for single-phase IM is proposed in this paper. The new vector control technique which is based on FOC, is suitable for both healthy single-phase IM drives and single-phase IMs when works with just main winding. MATLAB simulation results show that the performance of the proposed scheme is highly satisfactory for controlling healthy and faulty single-phase IM.
d-q Model of Single-Phase IM with Two Main and Auxiliary Windings
The single-phase IM d-q equations with two different main and auxiliary windings in the stationary reference frame can be shown as following equations [9] (in this paper superscript "s'' indicates that the variables are in the stationary reference frame):
Stator and rotor voltage equations:
(1)
Stator and rotor flux equations:
(2) 
d-q Model of Single-Phase IM with One Winding (Faulty Single-Phase IM)
Modeling of engineering systems has been subject of attention of many researchers within the last decades (e.g. [23, 24] ). In this paper, the single-phase IM model with only main winding based on d-q model is presented (it is assumed that a phase cut-off fault is occurred in the auxiliary winding of single-phase IM). Stator a-axis (main winding) and d-q axes can be shown as Figure 1 (in this Figure, "f as '' can be flux, voltage or current). Stator and rotor voltage equations: 
Stator and rotor flux equations: As can be seen from Equation (7)- (9), the structure of the single-phase IM under openphase fault is similar to the structure of the single-phase IM with two main and auxiliary windings. The only difference between these two types of motors is the motor parameters. In the next section, a vector control system based on Rotor FOC (RFOC) for healthy single-phase IM is presented. It is obvious by substituting L ds =M ds =R ds =0, this control system can be used for faulty single-phase IM.
Proposed Method for Vector Control of Single-Phase IM Based on RFOC
In this section, using transformation matrix, a method for vector control of single-phase IM is presented. The reason of using this transformation matrix is changing the unbalanced equations of the single-phase IM (due to the L ds ≠L qs , M ds ≠M qs and R ds ≠R qs ) to the balanced equations.
Transformation Matrix for Stator Current Variables
The idea of using this transformation matrix is obtained from equivalent circuit of the single-phase IM. Figure 2 shows the equivalent circuit of single-phase IM. 
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In Figure 3 ,
In (11), Z 3 and Z 4 are the parameters in terms of inductances (L ds and/or L qs and/or M ds and/or M qs ). As can be seen using (10), the equivalent circuit of single-phase IM (Figure 2 ) changed into a balanced circuit (Figure 3 ). Equation (10) ( 1 3 ) Equation (12) and (13) are transformation matrices for transformation of variables from unbalanced set (eg., Figure 2 ) to the balanced set (eg., Figure 3 ). Based on (12) and (13), following transformation matrices for stator voltage and current variables can be derived:
Transformation matrix for stator voltage variables: (14) and (15), following substituting have been considered (in (14) and (15) superscript "e'' indicates that the variables are in the rotating reference frame. Moreover, "θ e '' is the angle between the stationary reference frame and the rotor flux oriented reference frame). 
It is expected by using (14) and (15) the unbalanced equations of single-phase IM become similar to the balanced equations.
Equations of RFOC for Single-Phase IM Based on Proposed Method
In this section vector control equations of single-phase IM based RFOC is presented. Using (15) and after simplifying, the equations of single-phase IM are obtained as follows: 
After simplifying Equation (17) can be written as: In summery based on Equation (17)- (20) 
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In Equation (21), T r is rotor time constant (T r =L r /R r ). As can be seen from equations (21)- (23) the structure of RFOC equations of single-phase IM using proposed transformation matrix for stator current variables, become like balanced equations.
Consequently, Figure 4 is proposed for IRFOC of single-phase IM. As mentioned before, by substituting L ds =M ds =R ds =0, this control system can be used for faulty single-phase IM. In This Figure, 
Simulation Results
To evaluate the effectiveness of the proposed controller for vector control of healthy and faulty single-phase IM, simulation is conducted using MATLAB simulation package. The simulated single-phase IM is fed by two-leg Voltage Source Inverter (VSI) as used in [9] . The dq model based on Equation (1)-(3) and (7)-(9) has been used for healthy and faulty singlephase IM respectively. The Runge-Kutta algorithm is used to solve dynamic equations of singlephase IM under healthy and faulty conditions. Moreover, a controller system based on Figure 4 is considered for vector control of both single-phase IM when work with one (faulty single-phase IM) and two windings (healthy single-phase IM). In all simulations a phase cut-off is occurred in auxiliary winding. The proposed drive system is tested under various operating conditions namely, healthy and faulty conditions and variations of load torque and reference speed. In this paper, immediate fault detection is assumed as considered in [25] . The parameters of the simulated machine are as follows: Figure 5 shows the simulation results of the proposed controller for single-phase IM under healthy and faulty conditions. In this Figure, from t=0s to t=2s, the single-phase IM works with two main and auxiliary windings and from t=2s to t=7s, the single-phase IM works with only main winding. Moreover, at t=2.5s, a step load torque equal to 0.1N.m is applied. Figure 5 (c) and 5(d) show the electromagnetic torque of the single-phase IM. It can be seen that the electromagnetic torque has a quick response with no pulsations in both healthy and faulty conditions. Figure 5 (e), 5(f) and 5(g) show the reference and real motor speed, when the speed reference varied from 500rpm to 450rpm. It is obvious from these Figures that the single-phase IM can follow the reference speed without any overshoot and steady-state error even under load. Based on Figure 5 , the maximum error between reference and real speed in the healthy condition and at steady state is ~ 0.2rpm and the maximum error in the faulty condition after applying load and at steady state is ~ 5rpm. From the presented simulation results of Figure 5 it can be seen that the dynamic performance of the proposed IRFOC drive system for vector control of single-phase IM under healthy and faulty conditions are acceptable. Simulation results have validated the proposed methodology. The performance of the proposed scheme is highly satisfactory for controlling both healthy and faulty single-phase IM. In future research, the other fault conditions will be addressed. Experimental results will be carried out to emphasize the simulation results, which are so far acceptable.
Appendix
Based on Figure 2 , the stator main and auxiliary voltages can be written as: 
